Non-invasive 3D imaging in materials and medical research involves methodologies such as X-ray imaging, MRI, fluorescence and optical coherence tomography, NIR absorption imaging, etc., providing global morphological/density/absorption changes of the hidden components. However, molecular information of such buried materials has been elusive. In this article we demonstrate observation of molecular structural information of materials hidden/buried in depth using Raman scattering. Typically, Raman spectroscopic observations are made at fixed collection angles, such as, 906, 1356, and 1806, except in spatially offset Raman scattering (SORS) (only back scattering based collection of photons) and transmission techniques. Such specific collection angles restrict the observations of Raman signals either from or near the surface of the materials. Universal Multiple Angle Raman Spectroscopy (UMARS) presented here employs the principle of (a) penetration depth of photons and then diffuse propagation through non-absorbing media by multiple scattering and (b) detection of signals from all the observable angles.
3
D imaging modalities in materials and medical research have become popular non-destructive testing tools to understand the integrity, uniformity and composition of dense samples [1] [2] [3] . In recent times, optical tomography 4 , surface Plasmon spectroscopy 5 , florescence tomography 6 , magnetic resonance 7 , X-ray 8 and acoustic spectroscopy 9 have all been used routinely for imaging. These techniques, in general, provide information on morphology or density, either based on the response of labels (dyes, nanoparticles, etc.), or changes in the bulk properties of the materials but with no specific information on the chemical composition of the samples. In this paper, we present a new method using Raman scattering principles to record Raman spectra of concealed chemicals that provide unique molecular structural signatures of the species present.
Raman scattering has traditionally been observed for samples either in 90u or 135u or 180u (back scattering) angles with respect to the incoming laser radiation. The back scattering technique has also been used with an excitation fiber and a set of collection fibers right next to each other to obtain molecular information from molecules that are very near the surface both in liquids and solids 10, 11 . Further, transmission Raman spectroscopy has also been demonstrated as a non-invasive identification technique 12, 13 . The most significant part of all these methods is that the spectral signatures observed contain information only from the chemical species present both at the surface and at a near surface depth inducing clutter in the spectra observed. Further, the maximum penetration depth resolution remains rather low, for example to a few mm (upto 12 mm) 11, 14 . In general, the discrimination of the surface signals has to be necessarily carried out by scaled subtraction of the spectrum of the surface from the total Raman spectrum of the sample to identify the chemical nature of the materials inside. Here, we have used the principle of multiple Raman scattering processes to discriminate the surface signals from the materials buried deep inside, thus exploring depths in terms of centimeters and avoiding subtraction of signals from the surface.
The propagation of light in strongly scattering systems such as milk, snow, clouds and white paint takes place in the multiple-scattering regime through the propagation of light, with each particle inducing Rayleigh or Raman scattering at each interaction. The study of multiple Rayleigh scattering has resulted in several useful applications such as probing chemical dynamics, sub-wavelength light focusing beyond the diffraction limit [15] [16] [17] [18] , in noninvasive depth profiling and neuro-imaging studies information, it is apparent that the multiple scattered light from any medium must also contain Raman photons. In comparison to the excitation (Rayleigh) photons, Raman-scattered photons are more often generated inside (Fig. 1a & b) and propagate and exit the sample over a relatively wide area distributed around the sample/ container because of the many successive scattering events (vide infra). Thus, we should, in principle, be able to record Raman spectra of thick and optically dense samples (both solids and liquids) in various experimental geometries. Therefore the corresponding Raman spectrum is likely to provide molecule-specific information of multiple layers like biological samples, materials concealed in layers etc.
The Raman scattered light direction is random; the scattered light intensity now depends on the particle density and there always is a finite probability of detecting scattered light from the medium in all directions. Thus, as shown in Figure 1a , the electromagnetic field excites the particles, resulting in both Rayleigh and Raman photons. The secondary Rayleigh photons further excite the next set of particles and continue the excitation process with further scattering of Rayleigh and Raman photons. This process continues to multiply through all the particles in the medium, albeit with a reduction in the field intensity after every scattering event. Clearly, the greater the scattering cross section, the number density of particles and the medium thickness, the greater the multiple scattering contributions to the Raman signal at a position of observation. Unlike normal Raman spectroscopy where the collection optics geometry is restricted to set angles (vide supra), in the methodology presented here, the observation can in principle be made at all angles (360u measurement angles) and thus the technique is termed as Universal Multiple Angle Raman Spectroscopy (UMARS) (Figure 1 ). The UMARS technique therefore enables the application of Raman spectroscopy to samples of any thickness (as long as light propagates and comes out to result in detectable signal), since it offers the freedom to choose different experimental geometries and different angles for detecting Raman scattered light leading to chemicalspecific investigations and noninvasive imaging. In addition, with the use of optical fibers, the flexibility of Raman spectroscopic studies increases significantly, providing a multitude of experimental modalities for excitation and detection.
In this paper, we demonstrate that UMARS is a technique that works on multiple scattering principles, using many collection angles simultaneously to probe any type of scattering samples at varying depths using optical fibers. We provide experimental results on layered solid powders packed in glass vials and commercial white plastic bottles. We have also observed that when the Raman signals are collected at angles other than backscattering one can significantly suppress the container Raman signals. Furthermore, UMARS requires little pre-processing steps for the retrieval of spectral information on deep-surfaces/hidden layers due to the relatively minor contributions from the container wall.
Results
As a demonstration of our technique, we first show the results observed for two different powder layers packed in a glass vial. In principle, there is a finite probability of diffusely scattered light from the sample coming out of the vial in all directions, and, therefore, one can choose to use different collection geometries around the vial. In the case of solid powders, however, the light scattering intensity depends on the particle size and distribution, the distance from the point of photon entry and also on the density of packing 21, 22 . In the following experiments, two different chemicals were packed one on top of the other in a glass vial (Figure 2a) . The Raman signals were collected from all sides of the sample using optical fibers as shown in figure 2a and the Raman excitation laser beam was directed towards the container surface. At first, the incident excitation beam was directed at various locations, i.e., at the interface, at the top layer and at the bottom layer, while partially blocking collection fibers at different layers. For example, in Figure 2 (i), the excitation laser was directed towards the top layer and five collection fibers were placed around the top layer while blocking the fibers around the bottom layer. The observed Raman signals of, 1, 4 -dicyanobenzene (DCB) (top layer) and t-stilbene (TS) (bottom layer), using UMARS are presented in Figure 2b . It was observed that the Raman signals of the top layer could be obtained predominantly with negligible contribution from the bottom layer. Similarly, when the excitation beam was incident at the interface of the bilayer and the Raman signals were collected using the collection fibers located around the top layer i.e. DCB (while blocking the collection fibers around the bottom layer (TS)), predominantly the top layer Raman signal could be obtained (Figure 2b (ii) ). Alternatively, we interchanged the observation regions by blocking the fibers to the top layer and observing only the fibers from the bottom layer. The dominant Raman signal from the bottom layer of the sample was obtained in this arrangement (Figure 2b (iii) ). Further, when the excitation was shifted to the bottom layer and the collection fibers were placed around the bottom layer, only the spectrum of the bottom layer of the sample was observed ( figure 2b (iv) ). This demonstration clearly indicates that with multiple angle collection, layer specific information can be obtained using UMARS. In the next set of experiments no fibers were blocked and Raman photons were collected using all the ten fibers at different heights. 1, 4-dicyanobenzene and t-stilbene bilayers of thickness 1 cm each were packed inside glass vials. UMARS experiments were carried out by 1) laser beam excitation at the interface, 2) laser beam excitation at the top-layer i.e. at 1, 4-dicyanobenzene and 3) laser beam excitation at the bottom layer i.e. at t-stilbene (Figure 3) . It is apparent from the observed Raman spectra that, by suitably choosing the excitation region and the collection location, one should be able to discriminate the samples in different layers. Since layer-specific Raman signatures could be obtained using UMARS, the next obvious step was to ascertain whether this technique could be applied in real situations such as the detection of concealed explosives such as ammonium nitrate (AN) packed in a high density poly ethylene (HDPE) container. Therefore, similar experiments were also conducted using a commercial HDPE container (inner diameter 25 mm and wall thickness 1 mm) instead of glass vials, filled with bilayers of ammonium nitrate and t-stilbene (Figure 4) . In this case, too, we obtained the Raman spectra of both powders with minimal interference from the container spectrum reflecting the relative path lengths through inner layers and HDPE. We distinguished the Raman signals from the concealed ammonium nitrate (AN) along with a barely visible HDPE peak at 1294 cm 21 ( Figure 4) . The explosive AN, in spite of its low Raman cross section, could readily be detected when irradiated at AN or at the interface. As a final demonstration of UMARS, experiments on tri-layers of DCB, AN and TS were undertaken in the glass vial ( Figure 5 ). All the three compounds could be clearly distinguished in this case, too. Thus, our technique readily yielded content specific signals by suitably avoiding the contribution from the container signal, thereby reducing the signal processing time.
Thus far, we have considered two or three layers of powders, one on top of the other for UMARS investigation. Having obtained layerspecific information, we explored another sample configuration ( Figure 6 (a) ) where one sample is completely concealed/buried or surrounded by another layer of a different chemical species, which is a more likely scenario in the medical diagnostic arena (for example bone surrounded by tissue), and in the detection of explosives concealed in a non-metallic container. Figure 6 (a) schematically depicts such a setup where a cylindrical glass container (outer) with a diameter of 2.5 cm and a height of 7 cm was filled with ammonium nitrate that constituted the outer layer. t-Stilbene powder packed in the form of a oblong ampoule (inner container) of diameter 1.4 cm and height 2.8 cm was placed in the middle of the ammonium nitrate layer. The excitation fiber was located on one side and the ten collection fibers were equally spaced around the vial over 360u and care was taken to maintain the collection plane the same as the illumination, as seen in figure 6 (b) . The UMARS experiment was first performed at the top end of the whole container. The whole container was then vertically translated by 0.5 cm steps and a Raman spectrum was recorded at each step. (This way the excitation and collection fibers remained in the same plane throughout the experiment). In other words, slices of Raman signals from the sections over the entire length of the cylindrical vial were obtained to discriminate and identify the layered materials. Figure 6 (c) shows the three-dimensional Raman spectra of the sample with respect to the distance from the top (0.4 cm) to the bottom (6.4 cm) of the container. It is interesting that as we approach the middle of the container, the signals from the material buried/concealed inside (TS) become more intense. This is also apparent from the plot (Figure 6 (d) ) of the variation of the Raman intensities of the 1044 cm 21 peak of AN and the 997 cm 21 peak of TS with respect to height. It was observed that the Raman signals for AN could be obtained at 0.4 cm from the top of the vial, whereas at this position the TS Raman peak was completely absent. As we progressed along the height of the vial, the TS Raman signal started to appear and peaked at ,3.4 cm from the top. At the same time, AN signals decreased somewhat but remained clearly visible. The trend unequivocally demonstrates that AN constitutes the outer layer while TS was present around the middle of the vial. The AN signals response in Figure 6d , can be explained by the fact that at the heights where the inner container is located/concealed, the total amount of the AN is considerably less, which, in turn, corresponds to low Raman intensity.
Discussion
The photons incident on the container wall interact with the sample depending on the number of scattering events on their pathway, i.e., depending on the scattering properties of the container and the sample: the concentration/density, particle sizes, refractive indices and absorption properties. The scattering properties of the sample can be characterized by a single parameter l* corresponding to the transport length of the light in the medium, also defined as the photon path after which the photon direction is totally randomised 23 .
The penetration depth of the light is therefore proportional to l*. The Raman signal detected from the samples inside the container is the sum average of the number of photons coming from all depths; the photons detected by the detector can come from any depth. In the backscattering collection method, the particles close to the surface contribute more to the Raman signal than the particles located deeper in the sample. A simple consideration of the statistics of the photon trajectories indicates that the signal is inversely proportional to the square of the depth considered, for a depth greater than the transport length l*: scatterers contained in a layer twice deeper than another, result in four times lower contributions to the signal 24, 25 .
(We would like to note that it might be of interest to understand the relative material and angle specific Raman intensities accurately, however, it is well known that predicting absolute Raman intensities is not an easy task even for a given collection geometry 26, 27 ). In backscattering collection geometry this leads to a dominant contribution from the container wall to the signal. One way of eliminating or discriminating the surface signal from the rest is to introduce an offset between the excitation and collection regions 11 . The main drawbacks of such an approach and also the transmission Raman spectroscopy are that (a) they are collection geometry-specific and distance dependent (normally ,12 mm) and (b) the pure spectrum of materials below the surface can only be observed by the subtraction of the surface signals. It is important to note that this collection geometry restriction for the detection of materials hidden inside the containers can very well be avoided by choosing other collection geometries, as presented here, using UMARS. We are currently modeling the photon migration paths using Monte-Carlo simulations, which indeed confirm the emission of Raman photons in all directions (manuscript in preparation). Since the multiple scattered light from within a sample can come out in all directions and at all angles, the technique can be applied in various experimental geometries. Thus, as we have experimentally demonstrated, layer-specific Raman signatures of layered samples concealed in glass vials and commercial HDPE containers could be obtained using UMARS. It was also possible not only to discriminate but also identify materials concealed underneath another overlaying sample. Using UMARS on different sections or slices of a layered substance one can reveal the position of the layers along with its molecular identification. The technique is simple and straightforward in its design and has the potential to be used not only for detecting hazardous chemicals buried in different types of nonmetallic containers, but also for obtaining the signatures and imaging of tissues and other turbid media of biological importance including bones, teeth, tumors, blood etc. We anticipate that, with suitable modifications, the technique can also be applied for frequency-specific 3D imaging of turbid media.
Methods
UMARS Experiment. The Raman experiment was carried out using the 830-nm output of a cw laser diode (Sacher Lasertechnik), typically operated at 900 mA. The optical fibers used in the UMARS experiment (Fiber Tech Optica, Canada), consisted of low OH, all silica, step-index, multi-mode fibers with a total length of 3.5 m, having collection efficiency 0.22. The input light was delivered using one delivery fiber of 400 mm core diameter fitted at normal incidence close to the container wall. The Raman signals were collected from the samples using a set of upto ten optical fibers of the same core diameter, which were placed around the sample at approximately equal angles with respect to the input fiber. For instance, where five collection fibers were placed around the periphery of the sample, each optical fiber was located at ,60u from each other (including the input fiber). The collection fiber bundles terminated at the other end in a linear array attached to a telescopic arrangement fixed to the entrance slit of the spectrometer. The spectrometer (Horiba JobinYvon, f/4.1) was equipped with a LN 2 -cooled CCD camera (Symphony, 1024 3 256 pixels, pixel size 26 3 26 mm); a notch filter (Iridian, Canada) was used in front of the entrance slit to eliminate Rayleigh scattered light. The power was kept at about 100 2140 mW for all experiments described in this work. The acquisition time for the experiments was kept in the range of 100-500 s. All chemicals used were obtained from Sigma-Aldrich and used as received. The samples were solid powders filled in glass vials or commercial high-density polyethylene (HDPE) containers. 
